INTRODUCTION
============

RECQ helicases comprise a highly conserved family of DNA helicases that operate to maintain genomic DNA stability in human and other cells, play diverse functions in DNA replication, recombination, and DNA repair ([@B7]; [@B6]; [@B12]; [@B61]), and catalyze several types of DNA transactions. Defects in human RECQ helicases are associated with premature aging, genome instability, and cancer predisposition. RECQ helicase family members possess intrinsic DNA-dependent ATPase and ATP-dependent DNA-unwinding activity, with variable preferences for specific DNA structures. Human cells express five RECQ homologues---RECQL1, BLM, WRN, RECQL4, and RECQL5---whereas prokaryotes and simple eukaryotes express a single RECQ enzyme. Defects in human BLM and WRN cause the autosomal recessive diseases Bloom syndrome and Werner syndrome, respectively. Defects in RECQL4 are associated with three human diseases---Rothmund--Thomson, RAPADILINO, and Baller--Gerold syndrome ([@B74]; [@B35]; [@B40]; [@B14]). It is likely that the five human RECQ helicases have overlapping but distinct cellular functions.

RECQL5 exists in three alternatively spliced isoforms---RECQL5α, RECQL5β, and RECQL5γ ([@B60])---and is the least well characterized of the five human RECQ helicases. RECQL5α (410 amino acids) and RECQL5γ (435 amino acids) localize to the cytoplasm, whereas RECQL5β (991 amino acids) localizes to the nucleus. The precise biological role of human RECQL5 is not known. Mice lacking RECQL5 show increased chromosomal instability ([@B24], [@B25]), and *Caenorhabditis elegans* depleted of RECQL5 has a shorter lifespan than does wild type ([@B29]). Furthermore, the response of human colorectal cancer cells to topoisomerase I inhibitors appears to be modulated by RECQL5 ([@B70]). RECQL5^−/−^/BLM^−/−^ double-knockdown chicken DT40 cells display decreased survival and have a higher frequency of sister chromatid exchange events than BLM^−/−^ cells ([@B69]). Although RECQL5 and RECQL1 appear to be rather homogeneously expressed, BLM, WRN, and RECQL4 demonstrate selective tissue-specific patterns of expression ([@B34]). These and other studies support a role for RECQL5 in DNA replication, DNA repair, homologous recombination, and RNA polymerase II (RNAP II)-mediated transcription ([@B23]; [@B4]; [@B28]; [@B54]).

Base excision repair (BER) is the most prominent pathway for repair of endogenous DNA damage. In the first step of BER, damaged base moieties, such as 8-oxoguanine, are recognized and excised by a DNA glycosylase, resulting in an abasic site. The abasic site is then incised by apurinic endonuclease 1 (APE1), producing a single-strand break intermediate, which is in turn a substrate for DNA repair synthesis and 5′-end clean-up by DNA polymerase β (POL β), followed by nick ligation by a DNA ligase ([@B71]). The most common causes of base damage are endogenous reactive oxygen species and exogenous xenobiotic compounds. Deficient repair of oxidative DNA damage correlates with premature aging and age-related diseases ([@B17]; [@B71]). Single-strand breaks (SSBs) generated by DNA-damaging agents or during processing of other types of DNA damage are also repaired by BER. SSB repair (SSBR) involving several components of the BER pathway also requires poly(ADP-ribose) polymerase 1 (PARP1; [@B10]). A large load of unrepaired SSBs contributes to genetic instability and can lead to double-strand DNA breaks (DSBs) and cell death ([@B21]; [@B10]).

WRN, BLM, RECQL4, and RECQL1 modulate BER in vitro and in vivo ([@B64]; [@B20]; [@B53]; [@B56]). Consistent with this, WRN-targeted small interfering RNA inhibits repair of oxidative and alkylation DNA damage in human primary fibroblasts ([@B26]; [@B20]). WRN helicase also stimulates the DNA strand displacement activity of POL β ([@B19]) and single-stranded DNA flap processing by FEN1 ([@B8]). WRN helicase is inhibited by APE1 ([@B1]), interacts with NEIL1 in vivo and in vitro ([@B13]; [@B48]), stimulates repair of formamido pyrimidine (Fapy) lesions ([@B13]), and interacts with PARP1, which ribosylates a number of cellular proteins during DNA repair. PARP1 ribosylation is diminished in WRN-deficient cells, suggesting that PARP1 is activated or stimulated by WRN ([@B68]). BLM and RECQL4 also modulate the enzymatic activities of several BER proteins, such as APE1, POL β, ligase 3 (LIG3), and FEN1 ([@B55], [@B57]; [@B53]). In addition, RECQL1-deficient cells are mildly sensitive to oxidative DNA damage and hyperactivate PARP1 in response to H~2~O~2~ ([@B56]). Our previous studies and those of others suggest that RECQL5 may interact functionally with FEN1 during long-patch BER and/or homologous recombination and lagging-strand DNA replication ([@B55], [@B57]; [@B53]; [@B63]) or possibly modulate transcription by RNAP II ([@B4]; [@B27]; [@B28]; [@B31]; [@B38]).

Recently we generated cells with stable depletion of RECQL5. They display a slow proliferation rate, G2/M cell cycle arrest, and late-S-phase cycling defects ([@B51]). We previously suggested that this phenotype is due to a defective functional interaction between RECQL5 and topoisomerase IIα ([@B51]). In the present study, we characterize the effect of short hairpin RNA (shRNA)--mediated depletion of RECQL5β (referred to in this article as RECQL5) on the repair of endogenous DNA damage in human cells. Our results show that depletion of RECQL5 sensitizes cells to oxidative stress, causes accumulation of endogenous DNA damage, and increases cellular PAR levels. Moreover, we find that RECQL5 accumulates at DNA laser-induced single-strand breaks in normal human cells. In contrast, human RECQ helicases WRN, BLM, and RECQL4 are not recruited to laser-induced single-strand breaks. Furthermore, expression of *XRCC1* and *PARP1*, which play roles in BER and SSBR, is low in RECQL5-depleted cells as compared with control cells. Collectively, our results suggest that RECQL5 promotes chromosome stability in normal human cells by playing a nonredundant and unique role in BER, specifically modulating and/or directly participating in BER-mediated repair of endogenous DNA damage.

RESULTS
=======

RECQL5-depleted cells are hypersensitive to oxidative DNA-damaging agents
-------------------------------------------------------------------------

We previously showed that RECQL5 interacts and colocalizes with FEN1 in response to oxidative stress and stimulates FEN1 incision activity in a similar manner to WRN, BLM, and RECQL4 ([@B63]). FEN1 is known to participate in various processes, such as homologous recombination, lagging-strand DNA replication, and long-patch BER ([@B39]; [@B58]; [@B52]). Other research groups demonstrated that RECQL5 is involved in homologous recombination and DNA replication ([@B32]; [@B23], [@B25]; [@B54]). In the present study we seek to further characterize the potential role of RECQL5 in BER and SSBR.

To investigate the in vivo role of RECQL5, we generated two HeLa-derived cell lines stably expressing shRECQL5-1 or shRECQL5-2, respectively, targeting the 3′ untranslated region or coding region of the RECQL5 mRNA, using a lentiviral system ([@B51]). HeLa cells harboring these shRNAs were harvested and RECQL5 protein levels were analyzed by Western blot. As shown in [Figure 1A](#F1){ref-type="fig"}, RECQL5 protein levels were significantly decreased in the two knockdown cell lines (shRECQL5-1 and shRECQL5-2). To examine the effect of RECQL5 depletion on the response to oxidative stress, we measured cell viability in these cells after treatment with menadione or hydrogen peroxide and compared them with control cells. The results showed that cells expressing either shRECQL5-1 or shRECQL5-2 were more sensitive to both menadione and hydrogen peroxide than were shScrambled control cells, especially at a low dose of damaging agent ([Figure 1, B and C](#F1){ref-type="fig"}). It should be noted that an attempt to express shRNA-resistant RECQL5 was not successful due to toxicity from overexpression (unpublished data not shown), but an off-target effect is not likely because similar effects were seen with two different shRNA constructs.

![RECQL5-depleted cells show increased sensitivity to oxidative stress, accumulate endogenous DNA damage, and show reduced repair capacity. (A) Knockdown of RECQL5 in HeLa cells or (D) in HCT116 cells was confirmed by Western blot. RECQL5-depleted and scrambled control cells were plated on 96-well plates and treated with (B, E) 0, 0.5, 1, 2, 5, 15, and 25 μM of menadione or (C, F) 0, 2, 5, 10, 20, 50, and 100 μM of hydrogen peroxide. Cells were allowed to grow for 24 h, and cell viability was measured. The normalized values compared with untreated samples are represented (open circle, shScrambled; filled square, shRECQL5-1; filled triangle, shRECQL5-2). (B, C) Examined using HeLa cells stably expressing RECQL5-targeting shRNAs. (E, F) Examined using HCT116 cells stably expressing RECQL5 targeting shRNA. (G) Measurement of 8-oxo-dG in DNA derived from RECQL5-knockdown and control cells. Cells were harvested after 2 d of selection, and DNA samples were prepared as described in *Materials and Methods*. At least two biologically independent experiments were performed, and error bars represent ± SD. The indicated *p* values were analyzed with Student\'s *t* test (*n* = 2). \**p* \< 0.001, \*\**p* \< 0.01. (H) Comet assays of RECQL5-depleted and control cells untreated or treated with Fpg enzyme to detect endogenous DNA base damage. Representative images of nuclear DNA. (I) The results of quantitative measurements of endogenous DNA damage (Tail Moments). The results in the absence of Fpg are shown by gray bars, and those in the presence of Fpg are shown by black bars. At least \>100 nuclear DNAs were analyzed in each experiment. Two biologically independent experiments were performed, and error bars represent ± SD. The indicated *p* values were analyzed with Student\'s *t* test (*n* = 2). \*\*\**p* \< 0.05.](4273fig1){#F1}

To examine further the consequence of RECQL5 deficiency, we evaluated another cell type to see whether similar phenotypes would be observed. Specifically, we measured cell survival after oxidative stress using HCT116 colorectal cancer cells expressing shRECQL5-2. We chose shRECQL5-2 because RECQL5 knockdown was more significant than the one seen for the shRECQL5-1 in HCT116 cells as well ([@B51]). As observed in HeLa cells, HCT116 shRECQL5-2 cells exhibited increased sensitivity to both menadione and hydrogen peroxide ([Figure 1, E and F](#F1){ref-type="fig"}). Similar findings were also obtained for knockdown and control cells using a clonogenic survival assay (Supplemental Figure S1). Taken together, our results indicate that depletion of RECQL5 sensitizes cells to oxidative stress.

Accumulation of endogenous DNA damage in RECQL5-knockdown cells
---------------------------------------------------------------

In light of the aforementioned sensitivity to oxidative DNA-damaging agents, we speculated that RECQL5-knockdown cells might be deficient in some aspect of DNA repair. To investigate the in vivo role of RECQL5 in BER, we examined whether the loss of RECQL5 modulated the level of oxidatively modified bases in the genome. One of the most commonly used markers of exposure to reactive oxygen species and unrepaired oxidative DNA damage is 8-oxoguanine (8-oxo-dG; [@B22]). We measured the cellular content of 8-oxo-dG using high-performance liquid chromatography (HPLC) with electrochemical detection ([@B59]; [@B2]). The results indicate that shRECQL5-1-- and shRECQL5-2--knockdown cells accumulated 1.4- or 1.5-fold more 8-oxo-dG lesions than did the shScrambled control cells ([Figure 1G](#F1){ref-type="fig"}).

As an independent measure of endogenous DNA damage, we used the alkaline comet assay to determine whether the loss of RECQL5 affected the level of formamido pyrimidine DNA glycosylase (Fpg)--sensitive DNA modifications. HeLa shRECQL5-1 and shRECQL5-2 cells were used, and the experiments were performed in the presence or absence of *Escherichia coli* Fpg, which incises DNA at oxidized guanine bases or abasic sites, thereby creating a single-strand break. The mean tail moment was ∼2.3- and 2.4-fold higher in shRECQL5-1 and shRECQL5-2 knockdown cells, respectively, than in shScrambled control cells without Fpg treatment ([Figure 1, H and I](#F1){ref-type="fig"}), and 2.5- and 4-fold higher in shRECQL5-1-- and shRECQL5-2--knockdown cells (*p* \< 0.05) when the nuclei were treated with Fpg ([Figure 1, H and I](#F1){ref-type="fig"}). These results demonstrate that strand breaks and alkaline/Fpg--sensitive sites, including Fapy and 8-oxo-dG, as well as abasic sites, are more abundant in RECQL5-knockdown cells than in the shScrambled control cells.

RECQL5 accumulates at laser-induced SSBs
----------------------------------------

To analyze whether and at what stage RECQL5 might be involved in BER/SSBR, we used confocal laser scanning microscopy to localize green fluorescent protein (GFP)--tagged RECQL5 in cells carrying site-specific, laser-induced single-strand breaks (SSBs; [@B36]; [@B33]; [@B41]; [@B18]; [@B73]; [@B62]; [@B49]). In this experiment, SSBs were induced in HeLa cells using a 435-nm laser at 3% intensity. These conditions induce SSBs in DNA rather than double-strand breaks (DSBs) because we detect recruitment of GFP-tagged XRCC1 but not of GFP-tagged 53BP1 (indicating absence of DSBs; [Figure 2A](#F2){ref-type="fig"}). [Figure 2A](#F2){ref-type="fig"} shows an increase in GFP-RECQL5 foci at the laser-induced strand breaks but no increase of GFP-WRN. Previous studies also showed that WRN, BLM, and RECQL4 are not recruited to laser-induced SSBs ([@B62]). Thus recruitment of RECQL5 to SSBs may be unique among human RECQ helicases. Of interest, kinetic experiments showed that XRCC1 is recruited to laser-induced SSBs within ∼30 s, whereas RECQL5 foci reached a maximum fluorescence ∼5 min postirradiation ([Figure 2B](#F2){ref-type="fig"}). This suggests that RECQL5 may not be required during the SSBR recognition phase but may instead play a role during a later step of this DNA damage--processing pathway.

![GFP-RECQL5 is recruited to the 3% laser--irradiated sites. (A) The association of GFP-XRCC1, 53BP1, RECQL5, and WRN proteins is shown at different time intervals after microirradiation. HeLa cells were transfected with GFP-tagged RECQL5, WRN, 53BP1, or XRCC1 plasmids. At 24 h posttransfection, the cells were laser microirradiated within the nucleus with 435-nm laser light at 3% laser intensity. The images were captured for 60 s through fluorescence recovery after photobleaching channel using confocal microscopy. Arrow represents the site of laser irradiation. (B) The normalized intensity values of the kinetics of association of different proteins. Fluorescence intensity derived from GFP-fusion proteins was measured using Volocity-5 software. Measured values were normalized using the highest intensities derived from GFP-RECQL5 or XRCC1 as 100%. The recruitment of GFP-XRCC1 is indicated with open circles, and that of GFP-RECQL5 is indicated with filled circles. Approximately 10 cells were examined in each experiment.](4273fig2){#F2}

The kinetics of formation of GFP-XRCC1 foci was also examined in laser-irradiated HeLa cells expressing shRECQL5-1, shRECQL5-2, or scrambled shRNA (shScrambled; see Western blot; [Figure 3A](#F3){ref-type="fig"}). Under these experimental conditions, the kinetics of XRCC1 foci formation was independent of the level of expression of RECQL5. However, the kinetics of XRCC1 foci dissociation was delayed in both RECQL5-knockdown cells, requiring 5 h in shRECQL5-1 and 6 h in shRECQL5-2 but only 2.5 h in shScrambled cells ([Figure 3, B and C](#F3){ref-type="fig"}). These results, which are consistent with the results of the alkaline comet assay ([Figure 1, H and I](#F1){ref-type="fig"}), suggest that SSBR is less efficient in RECQL5-knockdown cells.

![GFP-XRCC1 accumulates longer at the laser-irradiated sites in RECQL5-deficient cells. (A) RECQL5 knockdown was confirmed by Western blot. (B) The association of GFP-XRCC1 in shScrambled control cells, shRECQL5-1 cells, and shRECQL5-2 cells is shown at different time intervals after microirradiation. Either RECQL5-depleted or scrambled control cells were transfected with GFP-XRCC1 plasmid, and the recruitment kinetics of GFP-XRCC1 was analyzed with the same procedure described in the legend to [Figure 2](#F2){ref-type="fig"}. Laser irradiation condition was same as the experiment in [Figure 2](#F2){ref-type="fig"}. (C) The normalized intensity values of the kinetics of association of XRCC1. Fluorescence intensity at the site was measured using Volocity-5 software. Obtained intensity is normalized using the highest intensities derived from XRCC1 as 100%. The kinetics of XRCC1 in control cells is shown by open circles and that in shRECQL5-1 and shRECQL5-2 cells by solid squares and solid triangles, respectively.](4273fig3){#F3}

Poly(ADP-ribosyl)ation in response to DNA damage
------------------------------------------------

PARP1 plays a critical role in SSBR. Thus, in cells carrying SSBs, PARP1 undergoes rapid activation, after which the polymerase adds poly(ADP-ribose) (PAR) to itself and other SSBR proteins, including XRCC1 ([@B42]; [@B47]). We previously showed that PARP1 activity on target protein substrates, but not self-modification, is impaired in WS primary fibroblasts ([@B68]), suggesting that PARP1 ribosylation activity is regulated by WRN protein. A recent report shows that RECQL1-depleted cells hyperactivate PARP1 specifically in response to H~2~O~2~ treatment and that this response is not seen in WRN-depleted cells ([@B56]). This and other studies imply that there is an association between human RecQ helicases and PARP1 in oxidative DNA-damage response. To explore this for RECQL5, we used an immunohistological method to determine cellular PAR activation in HeLa RECQL5-depleted and control cells ([Figure 4A](#F4){ref-type="fig"}). Knockdown and control cells were treated with H~2~O~2~, fixed, and probed with PAR-specific antibodies, and their immunofluorescence was analyzed by confocal microscopy. The nuclear PAR intensities were quantified and are shown in [Figure 4E](#F4){ref-type="fig"}. As shown in [Figure 4, C and E](#F4){ref-type="fig"}, PAR immunoreactivity was significantly higher in RECQL5-knockdown than in scrambled control cells. ShRECQL5-1 and shRECQL5-2 cells without treatment showed 1.1- and 1.8-fold higher PAR, respectively, than control cells without treatment, whereas after exposure to H~2~O~2~, shRECQL5-1 and shRECQL5-2 cells had 1.3- and 1.9-fold higher PAR, respectively, than control cells. In addition, PAR levels were increased in all cells in response to H~2~O~2~ exposure: treated control cells show 1.2-fold higher PAR than untreated controls, treated shRECQL5-1 cells show 1.4-fold higher PAR than untreated shRECQL5-1, and treated shRECQL5-2 cells show 1.3-fold higher PAR than untreated shRECQL5-2. Collectively, our results suggest that depletion of RECQL5 is associated with an accumulation of DNA damage and lower efficiency of SSBR ([Figure 1, G--I](#F1){ref-type="fig"}).

![PAR immunoreactivity is increased in RECQL5-depleted cells. Knockdown of RECQL5 (A) and WRN (B) were confirmed by Western blot. (C) Left, representative immunofluorescence images of HeLa shRECQL5-1 and shRECQL5-2 without H~2~O~2~ treatment; right, those with H~2~O~2~ treatment. H~2~O~2~-treated or untreated RECQL5-depleted and control cells were fixed and probed with anti-PAR antibodies. (D) Left, representative immunofluorescence images of HeLa shWRN without H~2~O~2~ treatment; right, those with H~2~O~2~. WRN-depleted cells were also examined with the same procedures as for RECQL5-depleted cells. (E) Quantification of PAR immunoreactivity in C and D. Fluorescence intensity--derived PAR antibody was measured using Volocity-5 software. PAR signals outside the nucleus were excluded, and PAR intensity per nucleus was calculated. In each experiment, \>20 cells were examined. \**p* \< 0.001, \*\**p* \< 0.01 analyzed with Student\'s *t* test.](4273fig4){#F4}

To compare the roles of RECQL5 and WRN in isogenic cell backgrounds, we performed similar experiments to evaluate whether WRN knockdown in HeLa cells influenced PARP1 activity and cellular PAR after exposure to hydrogen peroxide. First, the efficacy of lentivirus-mediated shRNA knockdown of WRN (shWRN) was confirmed by Western blot ([Figure 4B](#F4){ref-type="fig"}). WRN-depleted and control cells were exposed to H~2~O~2~ and analyzed by immunofluorescence. The results showed that WRN knockdown had no apparent effect on cellular PAR ([Figure 4, D](#F4){ref-type="fig"} and [E](#F4){ref-type="fig"}). However, PAR did increase in shWRN cells exposed to H~2~O~2~ (treated cells show 1.3-fold higher PAR than untreated cells; [Figure 4, D and E](#F4){ref-type="fig"}). A significant difference between RECQL5-depleted and WRN-depleted cells, however, is in the PAR levels of untreated cells ([Figure 4, C--E](#F4){ref-type="fig"}).

Expression levels of the BER-related genes in RECQL5-knockdown cells
--------------------------------------------------------------------

RECQL5 interacts physically with RNAP II ([@B4]; [@B28]; [@B27]; [@B31]; [@B38]), leading to the speculation that RECQL5 may modulate gene expression. Thus we tested whether RECQL5 might regulate transcription of BER/SSBR genes and thereby indirectly alter the efficiency of BER/SSBR. To address this question, we measured BER gene expression levels by quantitative PCR (qPCR) in RECQL5-knockdown and scrambled control cells. We conducted knockdown in two cellular backgrounds---HeLa cervical and HCT116 colorectal carcinoma cells. In this experiment, HeLa cells treated with shRECQL5-1 and shRECQL5-2 showed ∼40 and 70% decrease, respectively, in RECQL5 transcript levels ([Figure 5A](#F5){ref-type="fig"}), whereas HCT116 cells treated with shRECQL5-2 showed ∼70% decrease in RECQL5 mRNA ([Figure 5D](#F5){ref-type="fig"}).

![BER genes are down-regulated in RECQL5-knockdown cells. (A) Knockdown of RECQL5 using two independent constructs in HeLa cells was confirmed by qPCR. Data were referred from [@B51]). (D) Knockdown of RECQL5 in HCT116 cells expressing shRECQL5-2 was confirmed by qPCR. Comparison of the BER-related gene expressions between RECQL5-knockdown and shScrambled control cells in HeLa (B) and in HCT116 (E). ShRECQL5-1 is represented by gray bars, and shRECQL5-2 is represented by black bars. The following were examined: APE1, apurinic endonuclease 1; FEN1, flap endonuclease 1; LIG1, ligase 1; LIG3, ligase 3; NEIL1, nei endonuclease VIII-like 1; NTH1, endonuclease III homologue 1; OGG1, 8-oxoguanine DNA glycosylase; PARP1, poly(ADP-ribose) polymerase 1; POL β, DNA polymerase β; XRCC1, x-ray repair cross-complementing protein 1. At least three biologically independent RNA samples were examined, and error bars represent ± SD. Western blotting shows the comparison of the expression levels of XRCC1 and PARP1 proteins between RECQL5 knockdown and scrambled control cells in HeLa (C) and in HCT116 (F). Experiments were performed at least three times using biologically independent samples, and representative images are shown. \**p* \< 0.001 analyzed with Student\'s *t* test (*n* = 3).](4273fig5){#F5}

We evaluated by qPCR the expression levels of 10 key BER genes (*NEIL1*, *NTH1*, *OGG1*, *APE1*, *POL β*, *FEN1*, *LIG1*, *LIG3*, *XRCC1*, and *PARP1*) in RECQL5-knockdown relative to scrambled control cells. The depletion of shRECQL5 in HeLa cells caused *XRCC1* to be strongly down-regulated to 40--45% of control levels and *PARP1* to be moderately down-regulated to ∼70% of control. Smaller effects were observed for *OGG1*, *LIG3*, and *FEN1* (80--90%) and *POL β* and *NEIL1* (90--95%; [Figure 5B](#F5){ref-type="fig"}). Western blots also showed that XRCC1 and PARP1 protein levels were decreased in HeLa shRECQL5-1 and shRECQL5-2 cells ([Figure 5C](#F5){ref-type="fig"}).

Similar results were obtained in HCT116 cells expressing shRECQL5-2. *XRCC1* expression was most down-regulated (25% of control cells). *PARP1* expression was 40% of control ([Figure 5E](#F5){ref-type="fig"}). *FEN1* expression was ∼60% of the scrambled control, *POL β* and *NTH1* were 70% of control, and APE1 and *LIG3* were 80% of control cells ([Figure 5E](#F5){ref-type="fig"}). Western blot also confirmed that XRCC1 and PARP1 protein levels were significantly decreased in HCT116 shRECQL5-2 cells ([Figure 5F](#F5){ref-type="fig"}). These results indicate that depletion of RECQL5 caused a significant decrease in expression of XRCC1 and PARP1, which could contribute to BER deficiency.

It is known that expression of many genes can vary, depending on the growth state and/or the cell cycle stage. Therefore we asked whether the decrease in expression of BER genes was dependent on cell cycle and/or growth status of the cells. It was reported that XRCC1 gene expression is regulated with cell cycle status and increases in S phase ([@B30]), whereas RECQL5 is constitutively expressed ([@B34]). We recently showed that the number of S-phase cycling cells in asynchronous populations of RECQL5-depleted cells was similar to that of the shScrambled controls ([@B51]). This would indicate that the down-regulation of XRCC1 in RECQL5-depleted cells is cell cycle independent. To confirm this hypothesis, we analyzed the cell cycle components of asynchronous HeLa RECQL5-depleted cells while simultaneously measuring XRCC1 expression levels by qPCR and Western blot. As shown in [Figure 6A](#F6){ref-type="fig"}, the proportion of cells in S phase was not significantly different when comparing shRECQL5-1 (13.2%), shRECQL5-2 (14.7%), and shScrambled control cells (15.1%). Of importance, the decrease in *XRCC1* expression and protein levels was consistently observed in the cells used for the cell cycle analysis ([Figure 6, B and C](#F6){ref-type="fig"}). Thus we conclude that the down-regulation of XRCC1 observed was caused by RECQL5 depletion, independent of cell cycle regulation.

![RECQL5 is required for XRCC1 gene expression. (A) Cell cycle profiles of asynchronous HeLa cells stably expressing shScrambled, shRECQL5-1, and shRECQL5-2. the *x*- and *y*-axes indicate the DNA content measured by the intensity of propidium iodide staining and the number of cell counts, respectively. Percentage of the cells in each cell cycle stage (G1, S, G2/M) is represented on the histograms. (B) qPCR analysis of XRCC1 mRNA. Same cells for cell cycle analysis in A were used. The total RNA was extracted, cDNA was synthesized, and qPCR was performed as described in *Materials and Methods*. (C) Western blot analysis of XRCC1 protein levels. Same cells for cell cycle analysis in A were used. Cell extracts were prepared and Western blot was conducted as described in *Materials and Methods*.](4273fig6){#F6}

DISCUSSION
==========

This study characterizes the effect of shRNA-mediated depletion of RECQL5 on cellular BER/SSBR. The results show that depletion of RECQL5 causes increased sensitivity to oxidative stress, higher levels of endogenous DNA damage, and more poly(ADP-ribosyl)ated products. Our results suggest that in human cells RECQL5 plays a significant role in regulating BER and/or SSBR, both directly and indirectly. Consistent with our results, studies in *Drosophila* indicated that DNA strand breaks (both SSBs and DSBs) accumulate in RECQL5 mutants ([@B45]). Recql5 deletion in mouse cells resulted in elevated sister chromatid exchange, a phenomenon associated with increased SSBs, yet no significant difference in cell survival was observed after treatment with methyl methanesulfonate, an agent that creates base modifications that are substrates for BER ([@B25]). These seemingly conflicting observations may be due to the differences between human and mouse cells.

We found that RECQL5, but not other human RECQ helicases, accumulates at laser-induced SSBs ([Figure 2](#F2){ref-type="fig"}) and that GFP-RECQL5 is recruited to these DNA lesions later than GFP-XRCC1. This finding suggests a role for RECQL5 in the later steps of BER/SSBR and is in accord with previous observations showing that RECQL5 interacts with proliferating cell nuclear antigen (PCNA) and FEN1, two proteins that participate in long-patch BER ([@B32]; [@B63]). Moreover, DNA LIG3 and XRCC1 are recruited rapidly to the microirradiated sites of DNA, whereas DNA LIG1 and PCNA are recruited slowly ([@B44]). A recent study also showed that POL β is recruited to the damaged site earlier than FEN1 ([@B3]). Collectively, XRCC1, LIG3, and POL β appear to be early responders to the SSBs, whereas RECQL5, FEN1, LIG1, and PCNA are late responders. Thus our observations are commensurate with a role for RECQL5 in the late steps of long-patch BER. Our previous findings that RECQL5 colocalizes with FEN1 after oxidative stress and DNA damage also support this notion ([@B63]).

Significantly, RECQL5-depleted cells, but not WRN-depleted cells, have higher PAR levels than control cells in the absence of oxidative stress ([Figure 4, C and D](#F4){ref-type="fig"}). The results with WRN-depleted cells differ from a previous report showing that WS patient cells have a defect in PAR synthesis ([@B68]). This could reflect differences in WRN expression between WRN-depleted and WS patient cells and/or be due to different concentrations of peroxide used (100 vs. 500 μM H~2~O~2~). In this study, all cells showed elevated PAR after exposure to H~2~O~2~ when compared with the corresponding untreated cells ([Figure 4, C--E](#F4){ref-type="fig"}), but depletion of RECQL5 resulted in higher PAR immunoreactivity than depletion of WRN. A recent report showed that RECQL1-depleted cells also display increased PAR, specifically in response to H~2~O~2~ treatment ([@B56]). The difference between RECQL5-depleted and RECQL1-depleted cells is in the basal PAR level after gene depletion. We found that RECQL5-depleted cells without any stresses exhibit significantly higher PAR levels than control cells, whereas RECQL1-depleted and WS patient cells show no significant difference in PAR levels as compared with control cells under unstressed conditions ([@B56]). Because RECQL5-depleted cells show inefficient BER/SSBR, we propose that RECQL5 is necessary for the repair of endogenous DNA damage. This conclusion is consistent with the results of the alkaline comet assay showing accumulation of endogenous DNA damage in RECQL5-depleted cells ([Figure 1, H and I](#F1){ref-type="fig"}). The idea of defective BER/SSBR is also consistent with the persistence of GFP-XRCC1 foci in RECQL5-depleted cells ([Figure 3](#F3){ref-type="fig"}).

We observed that RECQL5 affects the expression level of BER/SSBR genes, especially XRCC1 and PARP1, potentially indirectly modulating the efficiency of BER/SSBR ([Figure 5](#F5){ref-type="fig"}). Both XRCC1 and PARP1 are known to play important roles in BER/SSBR ([@B10]). For example, a deficiency in XRCC1 and PARP1 inhibition resulted in reduced SSBR, increased sensitivity to DNA-damaging agents, and elevated sister chromatid exchange ([@B66]; [@B16]). *XRCC1* gene expression is regulated by E2F1 and increases in S phase ([@B30]). Our results indicate that XRCC1 down-regulation occurs after RECQL5 depletion and is independent of the cell cycle status of RECQL5-depleted cells, suggesting that RECQL5 is required for normal XRCC1 expression. Moreover, XRCC1 stimulates the activities of DNA glycosylases, including OGG1 and NEIL1 ([@B11]); thus a significant decrease of XRCC1 in RECQL5-depleted cells may cause a more global reduction of SSBR/BER. In addition, we also observed small down-regulation of other BER genes. Because deletion of most of the BER genes, such as APE1/HAP1 ([@B72]), POL β ([@B9]), FEN1 ([@B37]), XRCC1 ([@B65]), LIG1 ([@B5]), and DNA LIG3 ([@B50]), results in embryonic lethality, decreased expression of other BER genes could induce further deficiency of BER/SSBR.

RECQ helicases play diverse roles in the maintenance of genome stability. As mentioned, RECQL5 is believed to play a role mainly in RNAP II transcription and DNA recombination. However, it also modulates the activity and expression of multiple proteins in the BER/SSBR pathway. The proposed involvement of RECQL5 in BER is not unique among the RECQ helicases because BLM, WRN, RECQL4, and RECQL1 also play roles in this pathway ([@B64]; [@B20]; [@B53]; [@B56]). Thus human RECQ helicases can affect BER/SSBR in complementary and overlapping roles. In short, the strand displacement DNA synthesis activity of POL β is stimulated by BLM, WRN, and RECQL4 ([@B19]; [@B53]). APE1 endonuclease activity is stimulated by RECQL4 ([@B53]), whereas neither of these enzymatic activities is stimulated by RECQL5 ([@B63]). FEN1 activity is modulated by BLM, WRN, RECQL4, and RECQL5 ([@B8]; [@B57]; [@B53]; [@B63]). FEN 1 is a multifunctional protein, playing roles in homologous recombination, lagging-strand DNA replication, and long patch BER ([@B39]; [@B58]; [@B52]). Thus a general functional interaction exists between RECQ helicases and FEN1 that may be important to all of these processes ([@B63]). [Figure 7](#F7){ref-type="fig"} details how RECQL5 interacts with the BER/SSBR pathway at the different stages discussed. Its distinct function among RECQ helicases is that the RECQL5 plays a role as a modulator of transcription in relation to BER/SSBR ([Figure 7](#F7){ref-type="fig"}). RECQL5 is the one human RECQ helicase expressed independently of the cell cycle, and this enzyme appears to play a specialized role in the repair of endogenous DNA damage. Thus we conclude that human RECQ helicases have common roles as modulators of the BER/SSBR pathways while also maintaining unique functions in DNA and RNA metabolism.

![Role of RECQL5 in base excision repair. Left, the effect of shRNA-mediated depletion of RECQL5 on BER. Middle, schematic representation of the steps in the BER pathway. Right, protein--protein interactions between BER and its accessory proteins and RECQL5, RECQL4, and WRN. In brief, depletion of RECQL5 results in a lower level of XRCC1 mRNA, which could indicate that RECQL5 (when present at a wild-type concentration) stimulates transcription of XRCC1. RECQL5 is also normally recruited to laser-irradiated SSBs after XRCC1 is recruited to these DNA lesions. Taken together, these data suggest that RECQL5 may directly influence the late stage of BER.](4273fig7){#F7}

MATERIALS AND METHODS
=====================

Cells and cell line construction
--------------------------------

HeLa and HCT116 cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA) and grown according to their protocols. HEK 293T (ATCC) used for generating lentivirus was cultured in DMEM media supplemented with 10% Hyclone-characterized fetal bovine serum (FBS). Two independent stable knockdown cells for RECQL5 (shRECQL5-1 and shRECQL5-2) were generated as described previously ([@B51]). Briefly, the pLKO.1 vector harboring an shRNA construct targeting human RECQL5 was obtained from Sigma-Aldrich (St. Louis, MO). The construct shRECQL5-1 targets the 3′ untranslated region, 5′-CCGGG­CCTTGTGTTTAGACCTGGATCTCGAGATCCAGGTCTA­AACACAAGGCTTTTTG-3′; shRECQL5-2 targets the coding region, 5′-CCGGCCCTAAAGGTACGAGTAAGTTCT­CGA­GAACTTACTCGTACCTTTAGGGTTTTTG-3′. A construct expressing random (i.e., scrambled) shRNA was purchased from Addgene (Cambridge, MA; deposited by the Sabatini lab). Second-generation vesicular stomatitis virus G (VSV-G) pseudotyped lentiviruses were generated by transiently cotransfecting HEK293T cells with the following three plasmids: one 10-cm dish with 50--60% confluent HEK293T cells was transfected with 5 μg of lentiviral vector, 2.5 μg of pCMV ΔR8.2, and 2.5 μg of pCMV VSV-G using FuGENE 6 (Roche, Indianapolis, IN). Supernatants were collected 48 h after transfection, pooled, and frozen at −80ºC. For lentiviral transduction, 2 × 10^5^ cells were seeded in 10-cm culture plates and transduced the following day with appropriate lentivirus. At 48 h after transduction, the cells were split and then selected and maintained on media containing 2 μg/ml puromycin. Stable WRN knockdown cells were generated using a similar procedure and an shRNA targeting the coding region of WRN (shWRN; 5′-CCGGCCTGTTTATGTAGGCAAGATTCTCGAGAATCTTGCCTACATAAACAGGTTTTT-3′). Primers were purchased from Sigma-Aldrich.

Western blot
------------

Cells were harvested after 2 d of selection and were lysed in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, and 0.5% sodium deoxycholate) supplemented with 1× protease and phosphatase inhibitors (Roche). Protein concentrations were determined using a protein assay kit manufactured by Bio-Rad (Hercules, CA) based on the Bradford method. We applied 30 μg of total protein per sample to precast 4--12% SDS-polyacrylamide gels (Invitrogen, Carlsbad, CA), transferred to them to polyvinylidene fluoride membrane (Invitrogen), and probed them with the following antibodies: PARP1 (F-2, mouse, 1:500; Santa Cruz Biotechnology, Santa Cruz, CA), poly(ADP-ribose) (51-8114KC, rabbit, 1:1000; BD Biosciences, San Diego, CA), XRCC1 (H-300, rabbit, 1:1000; Santa Cruz Biotechnology), RECQL5 (custom rabbit, 1:1000; [@B51]), WRN (custom mouse; [@B46]), 1:1000), and β-actin (Ac-15, mouse, 1:10,000; Sigma-Aldrich).

Cytotoxicity assay
------------------

After 2 d of selection, 5000 cells were seeded in triplicate in 96-well plates 1 d before treatment with menadione or hydrogen peroxide. Cells were then treated with menadione (0.5, 1, 2, 5, 15, 25 μM) for 1 h or with hydrogen peroxide (2, 5, 10, 20, 50, 100 μM) for 15 min. The media containing DNA-damaging agents were removed and washed with media, and cells were grown in DMEM supplemented with 10% FBS for 1 d (24 h). Viability was quantified using Cell Counting Kit-8 (Dojindo, Rockville, MD) following manufacturer\'s protocol. Briefly, cells were mixed with 10 μl of WST-8 solution and were incubated for 2 h, and the absorbance was measured on a Bio-Rad microplate spectrophotometer. Cytotoxicity was proportional to the absorbance at 450 nm (reference at 650 nm) as a measure of WST-8 formazan dye generated by cellular dehydrogenases and was calculated against that measured for untreated controls.

HPLC/electrochemical detection analysis
---------------------------------------

Quantification of 8-oxoguanine was performed as described previously ([@B59]; [@B2]). DNA was digested/cleaved with nuclease P1 and alkaline phosphatase (Boehringer Mannheim, Mannheim, Germany), and nucleosides were purified by filtration through a 0.22-μm filter and a 30-kDa exclusion gel filtration spin column ([@B59]). Buffers included desferal (1 mM) to chelate iron and minimize oxidative damage during purification.

Nucleosides were separated on a C-8 column (YMC, Wilmington, NC) with isocratic elution (1 ml/min for 30 min) and mobile-phase 100 mM sodium acetate (Sigma-Aldrich), pH 5.15, and 5% methanol (Fisher Scientific International, Hampton, NH). The 8-oxo-dG and 2-deoxyguanosine (dG) were detected electrochemically using a four-channel CoulArray (ESA, Chelmsford, MA). Channels were set at 285 and 400 mV to detect 8-oxo-dG and at 800 and 900 mV to detect dG. Samples were analyzed twice, and peaks were identified by retention time, ratios, and comparison to 2′-deoxyguanosine (Sigma-Aldrich) and 8-oxo-dG standards (ESA). Standard curves were prepared spectrophotometrically using ε = 11,300 at 295 nm for 8-oxo-dG and ε = 13,000 at 254 nm for dG. The amount of 8-oxo-dG per 10^5^ dG was calculated and converted to 8-oxo-dG per 10^6^ dN by multiplying by a factor of 2.2. At least two biologically independent DNA samples were used for measurements and analysis.

Alkaline comet assay
--------------------

The alkaline comet assay was performed as described previously with a slight modification ([@B43]). Approximately 1 million cells per culture were washed with cold phosphate-buffered saline (PBS) and harvested in 500 μl of PBS. A 10-μl aliquot was mixed with 75 μl of prewarmed 0.5% low--melting point agarose and spread onto an agarose-coated glass slide. A coverslip was added to the slide, and the slide was placed on an ice-chilled aluminum tray for 5 min. The coverslip was removed, another 75 μl of low--melting point agarose was added, a coverslip was added, and the slide was placed on the chilled aluminum tray for 5 min. The coverslip was removed, and the slide was incubated in lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, and 1% Triton X-100) for at least 4 h (or overnight). The slides were washed three times with neutralization buffer (0.4 M Tris, pH 7.4) for 10 min, preincubated with enzyme reaction buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid--KOH, 100 mM KCl, 10 mM EDTA, 0.1 mg/ml bovine serum albumin, pH 7.4) for 10 min, and incubated with 8 U (in 100-μl volume) of Fpg (New England BioLabs, Ipswich, MA) at 37°C for 1 h. Fpg-treated and untreated slides were rinsed with alkali buffer (300 mM NaOH and 1 mM EDTA; pH 12.1) for 20 min to denature DNA. Electrophoresis was performed at 25 V for 15 min, and the slides were dehydrated in 100% ethanol. The slides were stained with ethidium bromide (10 ng/ml). Images were acquired under epifluorescence illumination using a Zeiss Axiovert microscope (Zeiss, Jena, Germany) and analyzed using Komet 5.5 software (Kinetic Imaging, Nottingham, United Kingdom). More than 100 cells were analyzed in each experiment, and experiments were repeated three times using biologically independent samples.

Confocal laser scanning microscopy
----------------------------------

We used a Nikon Eclipse 2000E spinning disk confocal microscope (Nikon, Melville, NY) with five laser imaging modules and a charge-coupled device camera (Hamamatsu, Tokyo, Japan). The setup integrated a Stanford Research Systems (SRS) NL100 nitrogen laser by Micropoint ablation system (Photonics Instruments, St. Charles, IL). Site-specific DNA damage was induced using the SRS NL100 nitrogen laser was passed through a dye cell to emit at 435 nm. The power of the laser was attenuated through Volocity-5 (PerkinElmer, Waltham, MA) in terms of percentage intensity. Positions internal to the nuclei of live HeLa cells transfected with GFP-tagged plasmids were targeted via a 40× oil objective lens. The cells were targeted at 3% laser intensity, and the images were captured at different time points and analyzed using Volocity-5 software. Experiments were performed using an environmental chamber attached to the microscope to maintain the normal atmosphere of the cells (37°C and 5% CO~2~).

GFP-tagged RECQL5, WRN, XRCC1, and 53BP1 were constructed previously ([@B67]; [@B15]; [@B62]; [@B49]).

Immunofluorescence
------------------

Exponentially growing cells were plated on Lab-Tek II chambered glass slides (Thermo-Fisher Scientific, Waltham, MA) and treated with 100 μM H~2~O~2~ (Sigma-Aldrich) in DMEM or DMEM as a control for 15 min. After treatment, cells were fixed and treated with antibodies. The primary antibody was rabbit anti-poly(ADP-ribose) (51-8114KC, 1:500; BD Biosciences), and secondary antibody was donkey anti-rabbit Alexa Fluor 488, 1:1000. Images were captured with a Nikon Eclipse TE2000 confocal microscope and analyzed using Volocity-5 software.

Quantitative real-time PCR
--------------------------

Total RNA was extracted from RECQL5-knockdown and control cells after 2 d of selection using TRIzol (Invitrogen, Carlsbad, CA). Extracted RNA was quantified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE), and the quality of the RNA was assessed by gel electrophoresis. The cDNA was synthesized from 0.5 μg or 1.0 μg of total RNA using iScript cDNA Synthesis Kit (Bio-Rad). qPCR was performed using IQ SYBR Green Supermix (Bio-Rad) and/or TaqMan Gene Expression Assay Kit (Applied Biosystems, Foster City, CA) with primer sets targeting BER-related genes: APE1, FEN1, LIG1, LIG3, NEIL1, NTH1, OGG1, PARP1, POL β, and XRCC1. RECQL5 mRNA level was also quantified. The glyceraldehyde-3-phosphate dehydrogenase gene was used as an internal control. The real-time PCR for each RNA sample was performed in triplicate, and at least three independent biological samples were examined.

Flow cytometry
--------------

To measure cell cycle status, cells were harvested by trypsinization and combined with the media from the cell cultures containing floating (mitotic) cells to ensure that the analysis was unbiased by excluding M-phase events. After a brief centrifugation, the cell pellets were resuspended in 70% ethanol and frozen at −20°C overnight. The fixed cells were washed and incubated with propidium iodide solution (50 μg/ml propidium iodide in the presence of RNase). The samples were analyzed in a fluorescence-activated cell sorter (Accuri C6; BD Accuri Cytometers, Ann Arbor, MI). The percentage of cells in the G0/G1, S, and G2/M phases of the cell cycle was measured using Flowjo software (TreeStar, Ashland, OR) and corrected for the effects of debris and doublets by software algorithms.
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